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Abstract 

A collaborative, multi-institute experiment called the Scripps Pier Experi- 

ment was conducted in the vicinity of the Scripps pier in La Jolla, California, 

in March 1997 to study the fate of bubbles in the surf zone and the effects of 

these bubbles on acoustic propagation. This paper discusses data gathered by 

the Applied Physics Laboratory, University of Washington, using a set of four 

upward-looking sonars (frequency 240 kHz), which simultaneously measured 

vertical profiles of acoustic volume scattering from bubbles at four locations. 

The transport of bubbles via rip currents emerged as an important, though 

episodic and localized, feature of the acoustic environment in the surf zone. 

Images of volumetric backscattering strength vs time and depth reveal the 

episodic events (of increased scattering level) lasting between 5 and 10 min 

caused by the passage of bubble clouds over the sonar. Time lags for the on- 

set of increased scattering at the four locations are consistent with a seaward 

velocity of the bubble clouds of order 10 cm/s, and the length scales of these 

bubble clouds in the seaward direction are inferred to be in the range 50 to 

100 m. The influence of the incoming surface wave field is also discussed. 
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INTRODUCTION 

The surf zone is an extremely challenging environment for the operation of sonars. Al- 

though its shallowness means that sound transmission through the surf zone must invariably 

include interaction with its surface and bottom boundaries, the defining acoustic character- 

istic of the surf zone is the high concentration of bubbles. The process of bubble generation 

in the surf zone has been studied by Deane,1,2 whose focus has been on the sound produced 

by bubbles associated with individual breaking waves. Deane showed through the analy- 

sis of photographic images taken within the active wave breaking region of the surf zone 

(or breaker zone) that air entrainment by shallow water breaking wavecrests forms bubbles 

whose radii a span the range O(10) /im to 0(10) mm, and that these bubbles can be orga- 

nized into clouds which commonly extend a meter into the water column within the breaker 

zone (or about half the total depth). 

Immediately seaward of the breaker zone within which bubble generation occurs, rip 

currents, which are narrow strong return flows directed seaward,3,4 can play a important 

role in determining the fate of bubbles in the surf zone. The Scripps Pier Experiment was 

conducted during the first two weeks of March 1997, off the Scripps pier in La Jolla, Califor- 

nia. Its primary objective was to measure properties of bubbles within the outer region of 

the surf zone, such as bubble concentration and size distribution, the spatial and temporal 

scales of organized bubble clouds, and the transport and diffusion of bubbles as mediated 

by rip currents. To accomplish this objective, instruments for measuring bubbles, ambient 

noise, and surface waves were assembled by the Naval Research Laboratory at the Stennis 

Space Center (NRL-SSC), the Institute of Ocean Sciences (IOS), the Scripps Institute of 

Oceanography (SIO), and the Applied Physics Laboratory, University of Washington (APL- 

UW). These instruments were deployed 10 m off the north side of the Scripps pier, nominally 

50 to 100 m seaward of the breaker zone, depending on tidal stage. 

This paper discusses the measurements made by APL-UW during the Scripps Pier Ex- 

periment, using a distributed array of four upward-looking sonars, each called a SALMON 



unit, for Shallow water Acoustic Lightweight MONitor. When combined into an array, these 

units simultaneously measured vertical profiles of acoustic volume scattering from bubbles 

at their respective locations within the measurement field. The experiment and measure- 

ment system are described further in Sec. I. In Sec. II we briefly discuss the topic of acoustic 

scattering from bubbles to make clear the nature of our measurements, the corrections ap- 

plied in the initial data processing, and our notation. Also discussed in this section is a new 

way of quantifying the range of bubble radii that contribute to backscattering as function of 

acoustic frequency. Observations are presented in Sec. III. These are in the form of images 

of volumetric backscattering strength vs time and depth, which reveal the effects of seaward 

advection of large-scale bubble clouds by rip currents. Additionally, time averages of the 

data are presented, which yield estimates of the bubble concentration and the characteristic 

depth to which the bubbles have been dispersed during the course of their advection. A 

summary is given in Sec. IV. 

I. EXPERIMENTAL MEASUREMENT SYSTEM 

Figure 1 shows three of the four SALMON units prior to their 10-day deployment in the 

surf zone off the Scripps pier. Each unit consists of a stout frame housing a transducer and 

instrument case containing transmitting and receiving electronics, a pressure wave gauge, 

and a tilt meter. The units were controlled from a base on the Scripps pier via underwater 

cables, and important system diagnostics, e.g., tilt, could be ascertained remotely. The units 

were hand carried and lowered into the water for final positioning by divers from NRL-SSC 

and operated on demand throughout the 10-day deployment in the punishing underwater 

environment of the surf zone. 

The four transducers transmitted simultaneously (with a source level of 179 dB re /^Pa at 

1 m) at 0.5-s intervals a rectangular pulses of width of 0.1 ms and center frequency 240 kHz, 

giving a vertical resolution of approximately 8 cm. The one-way half-power beamwidth of 

all four transducers was 6°. The face of each transducer was placed 0.67 m above the seabed, 



and data recording started after a time delay equivalent to a range of 0.7 m to ensure that 

measurements were made in the transducer's far field (~ 0.5 m). Data from the pressure 

gauges were recorded simultaneously along with the acoustic data but at 0.25-s intervals. 

These pressure measurements were converted to sea surface elevation above each sensor unit, 

assuming the measured pressure field was hydrostatic. In addition to wave height and wave 

spectral information, the pressure data were used to establish the location of the air/sea 

interface during periods of severe acoustic attenuation from bubbles. 

The NRL-SSC delta frame,5 an equilateral triangle with sides of approximately 10 m, 

established the primary locus of measurement activity. The delta frame was placed 10 m 

north of the Scripps pier between pier pilings 33 and 34. Figure 2 shows the location of the 

delta frame with respect to the Scripps pier and the four SALMON units. Two of the four 

units (units 1 and 2) were located along a line parallel to the anticipated seaward flow of 

bubbles, and two units (units 3 and 4) were offset on either side of this line. This layout 

was intended to maximize the ability to measure the larger spatial scales of a bubble field 

as it advected over the delta frame. 

More information concerning the delta frame is given by Caruthers et al.,5 who discuss 

the results of the multi-frequency sound propagation and attenuation measurements made 

by NRL-SSC during the Scripps Pier Experiment. Also, Vagle et al.,6 Farmer et al.,7 and 

Terrill and Melville8 discuss measurements made by IOS and SIO which included horizontal- 

looking sonars directed shoreward from the Scripps pier and instruments for measuring the 

bubble size distribution in the breaker zone. These works, along with this paper, constitute a 

developing set of archival works covering the 1997 Scripps Pier Experiment. The observations 

of bubbles presented in this paper complement those presented in Refs. 5-8 insofar as our 

measurements reveal information on the vertical distribution of bubbles, as measured at four 

locations, and the seaward flow speeds of organized bubble clouds, as inferred from the time 

delay between the arrival of the increased scattering associated with these bubble clouds at 

each sensor location. 



II. ACOUSTIC SCATTERING FROM BUBBLES 

Our measurements of bubbles are in the form of the backscattering cross section per unit 

solid angle, or s„-[m_1], which is defined by the integral 

sv=     abs(a)N(a)da, (1) 

where a^a) is the backscattering cross section of a single bubble, and N(a) is the bubble 

size distribution function giving the number of bubbles per cubic meter per unit radius for 

radii between a and a + da. For <Xf,s(a) we use (e.g., c.f. Ref. 9) 

a2 

°"6s(a) = [(/H//)2-1]2 + ^ (2) 

which is valid for ka >C 1, where k is the acoustic wavenumber; 5 is the total damping 

coefficient, / is the frequency, and /R is the resonant frequency. The resonant frequency is 

related to the bubble radius and depth z by /# = 3.25\/l + 0.1z/a, where all units are in 

MKS. We report the decibel equivalent, Sv = 101og10 sv, in dB re m-1. The sonar equation 

is used to compute initial estimates of sv vs range from the sonar, which are then corrected 

for the effects of excess attenuation from bubbles. Knowledge of the bubble size distribution 

is required for this procedure, and thus we incorporate information about N(a) derived from 

the multi-frequency attenuation measurements made during the Scripps Pier Experiment by 

Caruthers et al5 and Terrill and Melville.8 Specifically, Caruthers et al. report estimates of 

N(a) for bubbles with radii in the range 16 to 100 /im. Below is a good representation of 

all six N(a) functions shown in their Figs. 10-15, expressed here as n(a); n(a) differs from 

N(a) by a multiplicative constant scaling factor q, which can be set with either a known 

void fraction or sv: 

n(a) = 1,     16 /im < a < 40 ßm (3a) 

n (a) = (a/40 /mi)"3'4,     40 /mi < a < 100 /mi. (3b) 

For small bubbles, we postulate that n(a) behaves as 



n(a) = (a/16 /xm)3,     a < 16 /xm. (3c) 

For large bubbles, we take the a-5 power law behavior reported by Terrill and Melville, 

giving 

n{a) = (a/100 /xm)-5,     a > 100 /xm. (3d) 

The range of bubble radii a is such that 1 /xm < a < 200 /xm. It is not surprising that 

the N(a) associated with bubbles near the delta frame measurement area is quite different 

from the one that Deane estimated from photographic evaluation of nascent bubbles in the 

active breaker zone, e.g., as in Fig. 7 of Ref. 1. By the time bubbles have advected from the 

breaker zone where they are generated to the delta frame, they have existed for O(10) min. 

Corrections for bubble-mediated excess attenuation commence at a range of 1 m from 

the sonar. The value of Sv at that point, called SVo, is used for correcting Sv in the next 

range bin, and so on up to the sea surface, which produces a distinctive reflection. A new 

scaling factor q is computed at each of the range bins, which are separated by dR = 3 cm. 

For example, at the starting range, where no correction is applied, 

10s"o/10 

Next, the bubble-mediated attenuation a\ (in dB/m) that is applied to the uncorrected S'v 

in the next range bin is given by 

/•200jim 

a.\ = 4.34ö! / ae(a)n(a)da, (5) 
Jlpm 

where ae(a) is the extinction cross section per unit volume and equals (47rS/ka)ai,s. We 

proceed to convert uncorrected values S'v. to corrected values Sv. via 

N 

SVj = S'v.+2dRY,aj. (6) 
3=1 

Note that there are a few instances where the bubble concentration is sufficiently high as to 

nearly extinguish the sound pulse and prevent backscatter from the sea surface. Under these 

circumstances, the correction procedure, which is essentially a first-order multiple scattering 

6 
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representation,10 is no longer valid. The air/sea interface, however, can still be located using 

the pressure time series. Note that for strong, but otherwise measurable, backscatter, e.g., 

for Sv = —25 dB, a equals about 0.5 dB/m, which is comparable to direct measurements of 

attenuation made at 244 kHz by Caruthers et al.5 

It is useful to evaluate how backscattering measurements made at 240 kHz respond to 

this bubble size distribution. For this we define the probability density function (PDF) p(as) 

by recognizing that the positive quantities <r&s(a) and n(a) can be combined into a PDF for 

the variable as. (On the basis of the Lebesgue decomposition theorem,11 any non-negative 

function that integrates to unity can be identified as a PDF for some variable.) The variable 

as is defined as the radius of a bubble contributing to the backscatter at a specified acoustic 

frequency, where 

abs(as)n(as) 

CT *»s(a)n(a)da> 
(     \ ubs\u,s  nyy,s . 

P(as) =   r200Mm_    ,^_,_^_» (7) 

and the sample space over which as is defined is the same as the range for a (1-200 /im). 

Figure 3 shows the PDF corresponding to the n(a) described above and a frequency of 

240 kHz, along with one based on a frequency of 70 kHz; note the dominant effect of 

scattering by resonant-sized bubbles at the lower frequency. We shall call the expected 

value E(as) the scattering centroid, or sc, and the square root of the variance E(as — sc)2 

the scattering spread, or 6sc. With the above representation of n(a), then sc = 55 /im and 

6sc = 39 /im at 240 kHz, and sc = 53 /im and Öse = 15 /mi at 70 kHz. A good measure of 

the central tendency of volumetric backscattering from bubbles vis-a-vis bubble radius is to 

take a range ± 6sc about sc. For example, at 240 kHz approximately 90% of the scattered 

intensity is due to bubbles with radii of 16 to 94 /im, while at 70 kHz this range narrows to 

38 to 68 /im. Importantly, these sc and Ssc values for 240 kHz are relatively insensitive to 

alternative representations of the behavior of n(a) at the bubble radii of < 16 /im that we 

have postulated. 

Finally, Sv is mapped to void fraction, defined as the ratio of the volume of air to the 

volume of the sample region. The mapping assumes a sonar frequency of 240 kHz plus the 



n(a) defined above for bubble radii between 1 and 200 y^m, and is as follows: 

log10 void fraction = 0.1SV — 3.67. (8) 

Since n(a) goes as a-5 for larger bubble radii, smaller bubbles are more important for 

determining void fraction (see Ref. 1 for further discussion on this point). This mapping 

produces a higher void fraction (by about a factor of 7) for a given Sv than the result 

given by Dahl and Jessup12 for the same frequency, obtained in studies of ambient oceanic 

bubble populations. One expects this, however, since most studies of ambient oceanic bubble 

populations, e.g., those reported by Vagle and Farmer,13 show n(a) reaching a maximum in 

the vicinity of 20 ßm. 

III. OBSERVATIONS 

Acoustic transmissions from the SALMON units were coordinated with measurement 

periods of the other instruments located on or near the delta frame to prevent interference. 

A synchronized measurement run lasted typically 5000 s, or 83 min and 20 s. In this paper, 

as in Ref. 5, we discuss results from measurement run 7, which began at 1426 PST on 

8 March. As noted in Ref. 5, rip currents were more prevalent during periods of low tide, 

which produced active surf breaking and swash in the region nominally 100-150 m shoreward 

of the delta frame measurement area. A spring tide was in effect on 8 March, with the start 

of run 7 coinciding with the low water point and the beginning of the incoming tide. The 

mean water depth at unit 2 (as determined from the pressure data after time averaging to 

remove wave effects) at the start of run 7 was 4 m, which increased to 4.25 m over the next 

80 min. 

Figure 4 shows a surface wave height frequency spectrum from run 7, as determined by 

the pressure data from unit 3. The rms wave height is about 0.3 m, and there is a broad 

peak in the vicinity of 0.1 Hz. Interestingly, there is also a significant peak near 0.06 Hz, 

which is possibly associated, through nonlinear interaction,14 with the peak near 0.18 Hz. 
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Given the mean water depth of 4 m, the peak at 0.1 Hz corresponds, via finite-depth linear 

theory, to a wavelength of 61 m. However, the time series of surface elevation show nonlinear 

effects such as an extended duration of the trough phase compared to that of the peak phase. 

Using the dispersion relation for finite-depth, nonlinear Stokes waves15 and taking a typical 

wave amplitude to be 0.4 m puts the wavelength at 0.1 Hz closer to 63 m. (The influence 

of these nonlinear waves on the structure of bubble clouds is illustrated in Fig. 7.) 

Figure 5 shows an 80-min display of Sv (with the above corrections for bubble attenuation 

applied) vs depth and time (representing 96% of run 7). The plots in Fig. 5 are arranged such 

that their order, from top to bottom, represents units 2-4-3-1, or increasing distance in the 

seaward direction (see Fig. 2). The sea surface is represented on each plot by the brown color 

indicative of intense backscatter (essentially reflection) from the air/sea interface, and the 

vertical depth scale on each plot is referenced to a nominal mean still water level. Although 

rip currents do carry a sediment load which increases optical turbidity (see, e.g., Smith 

and Largier16), we shall assume, based on the huge scattering advantage of bubbles over 

that of suspended particulates, that scattering from within the water column is associated 

primarily with entrained bubbles. As remarked earlier, our procedure for correcting bubble 

attenuation is not applicable when bubbles are in such high concentration that the sound 

pulse is nearly extinguished owing to bubble scattering and absorption. This condition is 

shown in the top plot between minutes 14 and 17 and in the third-from-top plot between 

minutes 15 and 17. 

Letters A-E, shown only in the uppermost plot, identify five sustained periods of in- 

creased bubble scattering, which we have classified as episodic events and interpret as the 

passage of organized, large-scale, bubble clouds. This classification is somewhat arbitrary; 

e.g., events C and D have early and late phases, each of which could constitute a separate 

event. However, we choose to define an event as the existence of a well-defined scattering 

front caused by a rapid increase in scattering level that (1) first appears in the data from 

unit 2 and (2) then in the data from the other three units located seaward of unit 2, with 

approximately the same scattering strength and duration but with increasing delay with 

9 



increasing seaward location of the sensor unit. The one exception is event B, in which the 

front arrives at unit 3 about 30 s before it arrives at unit 4, just shoreward of unit 3. These 

same five events can be identified in Fig. 6 of Caruthers et al.,5 which shows five periods 

of sustained high bubble attenuation (including the early and late phases of events C and 

D). Based on the time delay between the arrival of these fronts at the three units located 

seaward of unit 2, we estimate the seaward advection speed V^ at the delta frame site to be 

7, 19, 7, 17, and 20 cm/s for events A-E, respectively. 

The delay effect is best viewed with a less compressed time scale such as that in Fig. 6, 

which shows a 25-min subset of the data shown in Fig. 5 including the fronts associated 

with events C and D. The small white triangles in the top and bottom plots each point to a 

smaller scattering feature about 45 s in duration seen only on inner unit 2 and, 55 s later, 

on outer unit 1. We postulate that this scattering feature originates from the same discrete 

bubble cloud, and the inferred seaward velocity of this bubble cloud is 0.25 m/s. If we invoke 

Taylor's frozen turbulence hypothesis, the 45 s duration implies that the cloud's extent, or 

outer scale, in the seaward direction Ls (parallel to the pier) is ~ 11 m. The fact that 

the cloud is detected only by units 2 and 1 implies that the cloud's extent in the longshore 

direction LL (perpendicular to the pier) is < 12 m. Using similar arguments, we find that the 

larger organized bubble clouds associated with scattering events A-E all have Li > 12 m, 

based on the fact that these events eventually produce a simultaneous scattering response on 

all four units. Their seaward extents can also be inferred by the scattering duration, which 

ranges from about 5 to 10 min, combined with their inferred velocities; these results put Ls 

in the range of 50 to 100 m. Thus, area coverage of these organized bubble clouds is in the 

range of 500 to 1000 m2. Finally, there are itermittent periods of temporal variation in Sv 

that appear to be related to the dominant frequency of the surface waves. (For example, as 

depicted in the bottom plot of Fig. 6 near the label C.) Mechanisms for this variation may 

be, in part, similar to those discussed by Dahl and Plant.17 This will be investigated in more 

detail in future work. 

10 



Figure 7 shows 65 s of data from inner unit 2 (top plot) and outer unit 1 (middle plot) 

corresponding to the passage of the discrete bubble cloud seen only by these two units and 

identified by the white triangles in Fig. 6. The time scale for the middle plot has been 

shifted by 55 s in order to compare the data. The bold white line on the top and middle 

plots shows the location of the air/sea interface as determined from the pressure records. 

At both times and locations, the cloud's bottom contour with respect to a fixed reference 

frame is governed by water column displacements associated with the dynamics of surface 

waves. The surface wave field above the outer sensor (and 55 s later) provides a particularly 

nice illustration of nonlinearities in the surface waves. The dashed line in the middle plot 

tracing a portion of the cloud's bottom contour at the location of unit 1 is simulated vertical 

displacement associated with a finite-depth Stokes wave. The parameters for this wave are 

wave period 11 s, wave amplitude a 0.35 m, and depth 4.4 m, which corresponds to a wave 

number of 0.0869 radians/m, or a wavelength of 72 m. (Note that the wave amplitude is 

such that 2a corresponds to the peak-to-trough height of the Stokes wave.) The equation 

for vertical displacement giving the dashed line is derived from Whitham's15 equation for 

the velocity potential of a finite-depth Stokes wave, carried out to 0(a2). 

Finally, the bottom plot of Fig. 7 shows the depth-averaged sv (in dB) of the bubble cloud 

measured at each location. This processing largely removes differences due to the variation 

in the surface wave field, and the two depth-averaged time series now appear quite similar, 

lending further credence to our assertion that these are indeed the same bubbles. Again, 

assuming that a Taylor's frozen turbulence hypothesis applies, and using an advection speed 

of 0.25 m/s, we see that coherent structure on scales of order 1 m in the seaward dimension 

is preserved in the course of advection over the delta frame site. 

Figure 8 shows a time series of void fraction as measured by the sonar located on 

SALMON unit 2. The void fraction estimate was calculated from Eq. (8), using Sv = 

101og10(s„)z, where in this case (sv)z is a depth average over a 0.25-m-thick layer centered 

at 1 m (thick gray line) and 2 m (thick dashed line) below the time-varying sea surface (with 

sea surface elevation determined by the pressure data). Upon taking the depth average, the 

11 



result was then time averaged over a 30 s window equivalent to 60 sonar pulses. Letters 

A-E corresponding to the five primary bubble-scattering events first depicted in Fig. 5 are 

also shown on this figure. A characteristic time scale for the events, defined as a sustained 

high void fraction that exceeds 10~7, ranges between 5 and 10 min. Alternatively, event B is 

particularly suited to using an exponential decay law to describe the decay in void fraction 

after its initial sharp onset. Here, the time constant of the exponential is 4 min, and the 

decay law is shown by the dotted-dashed line. 

The void fraction within the layer centered at 1 m is, for the most part, greater than 

or equal to that found in the layer centered at 2 m. A notable exception is the start of 

event B, where as remarked earlier the signal in the upper region of the water column is 

reduced owing to bubble attenuation . Also, the smaller bubble cloud seen near the surface 

and discussed in Fig. 7 produces an abrupt jump in void fraction seen only in the 1-m data 

shortly after min 31. Thus this cloud would not have been detected by instruments mounted 

on the delta frame. 

To evaluate further the dependence of void fraction on depth, the void fraction is averaged 

over a time window corresponding (approximately) to the uninterrupted time span during 

which the the void fraction exceeds 10-7 for each event. Figure 9 shows the time-averaged 

void fraction vs depth beneath the time-varying sea surface for the five events (plots labeled 

A-E, along with their advection speeds) and their overall average (plot labeled AVG along 

with the average advection speed). The event time averages are computed for each sensor 

separately, with data from each sensor shown by the thick, colored lines. The overall average 

(thick, black line in the lower right plot) corresponds to an average over all four sensor units 

and all five events. A background time-averaged void fraction vs depth for each unit is also 

shown (thin, dashed colored lines), along with the average over all four units (thin, dashed 

black line) in the plot at the lower right. The background estimates are derived by averaging 

over times (such as in the vicinity of minute 30 in Fig. 5) between high-scattering events. 

With exception of event A, where the data from unit 4 (green line) and unit 2 (red line) 

are significantly lower and higher, respectively, than data from the other two units, the data 

12 



from the four units display a central tendency in both level and depth scale. This tendency 

is illustrated in the overall average shown in the lower right plot. The average background 

void fraction during run 7 is about 10~7-5, which itself is acoustically significant, and the 

void fraction increases by roughly an order of magnitude owing to the influx of bubbles 

advected by a rip current. The dashed red lines plotted over the average results are simple 

representations based an exponential reduction in void fraction with distance z beneath the 

time-varying surface elevation. This representation is 

ß(z) = ß0e-^L% (9) 

where ß is the average void fraction, Lz is the exponential depth scale, which is 2.3 m and 

applies to both background and events, and ß0 is the average void fraction just below the 

air-sea interface, which is IGT7'2 for the background and 10-6 for the events. The dashed 

horizontal line at 10 cm in the lower right plot marks the point where pulse resolution 

limits our ability to reliably distinguish between volume scattering from entrained bubbles 

and surface scattering from the air-sea interface. Thus, averaged data above this line are 

of questionable value. We would expect reality to lie between the averaged data and the 

exponential decay law. 

Finally, we can make a crude estimate of the time T over which bubbles have undergone 

advection, starting from their generation within the breaker zone and ending at the delta 

frame measurement site, by projecting the estimated rip current speeds back toward the 

breaker zone. For this we shall assume that most of the rip current field between the 

breaker zone and the delta frame is confined within a fixed-width channel and that the 

current undergoes minimal lateral expansion in the longshore dimension. This inner part 

of the rip current field is called the neck. At a point farther seaward, the current does 

expand laterally, becoming more eddylike, and this outer part of the current is called the 

rip head.18 If we assume, furthermore, that the flow is uniform in depth at least within 

the neck region,19'20 then by mass conservation the speed of the seaward current increases 

with distance X from the delta frame in the direction toward the breaker zone, and goes as 
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v(x) = 4-xtanU2°)' where Vdf is the current speed estimated at the delta frame, 1.2° is the 

nominal bottom slope,6 and 4 m is the water depth at sensor unit 2. 

We take the nominal distance from the delta frame to the breaker zone to be 75 m, 

giving T & 300 s when Vdf is 20 cm/s and T & 870 s when Vdf is 7 cm/s. Next, we 

estimate the magnitude of the average vertical eddy diffusivity, kv, based on bubbles mixing 

to depth Lz over a time scale T, using kv ~ %. This puts kv in the range 0.003 to 0.009 

m2/s, and varying linearly with Vdf within this range. These magnitude estimates for kv 

are reasonably consistent with more precisely modeled estimates of kv recently computed 

by Vagle et al.6 based on a turbulent boundary layer model. We expect to carry out more 

detailed comparisons between the depth-dependent void fraction estimates presented here 

and the model for bubble diffusion in the surf zone discussed in Ref. 6. 

IV. SUMMARY 

Bubble clouds within the outer region of the surf zone have been studied using a dis- 

tributed array of four upward-looking sonars as part of the 1997 Scripps Pier Experiment 

involving several organizations. The bubble clouds were created in the inner, or breaker 

zone, region of the surf zone by shoaling waves, and the bubbles reached the measurement 

site through the process of seaward advection by rip currents. This study demonstrates 

how the seaward transport of bubbles via rip currents can dramatically alter the acoustic 

environment in the outer region of the surf zone, when this outer region is fed by rip currents 

which are themselves both episodic and localized. 

The sonar measurements were in the form of volumetric backscattering strength Sv (in 

dB) vs depth and time and were made at an acoustic frequency of 240 kHz. A function, 

proportional to the size distribution of bubbles transported by rip currents into the outer re- 

gion of the surf zone, was defined. This function, n(a), where a is bubble radius, represents 

an amalgamation of multifrequency bubble attenuation measurements, which were more 

sensitive to bubble radius, made by other members of the experimental collaboration. The 
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relation between n(a) and frequency-dependent volumetric backscattering was also quanti- 

fied by way of a PDF for the contribution to backscattering as a function of bubble radius at 

a specific acoustic frequency. At our frequency of 240 kHz, for example, bubble radii within 

the range 16 to 94 //m contributed 90% of the backscattered acoustic energy. 

Depth-vs-time images of Sv revealed episodes of high scattering, called scattering events, 

associated with the passage of large-scale bubble clouds over the four measurement locations. 

Five of such events, each of duration 0(100) s, were identified in the 83 min of continuous 

measurements examined here. Based on a mapping between Sv and void fraction, which 

depends on n(a), the average void fraction over the duration of these events was of 0(1O~6), 

with a somewhat higher void fraction observed over periods lasting a few seconds. We 

emphasize that our void fraction estimates depend on a mapping between our observable, 

sv, and the void fraction, based on the form for the bubble size distribution, n(a), discussed 

in this paper. The speed of seaward advection of these bubble clouds was estimated from 

the delay between the arrival of the event's front at each of the four sonar locations. These 

speeds ranged from 7 to 20 cm/s, although the speed associated with a smaller scattering 

feature, seen only on two of the four sonar units, was estimated to be 25 cm/s. 

The outer length scales in the seaward direction Ls of the bubble clouds associated 

with the high-scattering events were estimated from their duration time and the seaward 

advection speed. These calculations put Ls in the range of 50-100 m. In terms of the outer 

length scale in the longshore direction (LL), this estimate was bounded by LL > 12 m, since 

the events were eventually seen simultaneously at units 3 and 4, which were separated in 

the longshore direction by 12 m. A characteristic depth scale for the bubble clouds was 

estimated to be ~ 2.3 m. Using this value along with T, the time over which bubbles have 

undergone advection and vertical mixing, in the range 300-870 s, puts an estimate of the 

vertical eddy diffusivity kv in the range 0.003-0.009 m2/s. 

The incoming wave field at the location of each unit was measured with a pressure 

gauge. The peak period of the frequency spectrum for the incoming wave field was close 

to 10 s, which translates to wavelengths of about 63 m according to finite-depth nonlinear 
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wave theory. The influence of this wave field was illustrated by modeling the time-varying 

interface between the organized bubble cloud and the surrounding water, which had a much 

lower concentration of bubbles, with a finite-depth Stokes wave. 
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FIG. 1. Photograph of three of the four SALMON units made just prior to their deploy- 

ment in surf zone waters off the Scripps pier. 

FIG. 2. Plan view and grid of the experimental area showing the delta frame and 

locations of the four SALMON units, labeled 1-4. Bubbles entrained in the seaward flow of 

rip currents were first seen on unit 2, then 4, 3, and 1. 

FIG. 3. Probability density function (PDF) for the variable aS) defined as the radius of 

a bubble contributing to the backscatter for a set acoustic frequency. Two PDFs are shown, 

one for an acoustic frequency of 70 kHz and one for 240 kHz. 

FIG. 4. Frequency spectrum corresponding to run 7, measured by the pressure sensor 

located at SALMON unit 3. For reference, the dotted line shows an slope of f~4. A 

significant peak near 0.06 Hz and its third harmonic, 0.18 Hz, are identified by the markers. 

FIG. 5. Depth-vs-time display of decibel equivalent of the backscattering cross section 

per unit volume, or Sv in dB. The 80 min duration represents 96% of run 7. The four plots 

are arranged such that their order, from top to bottom, represents data from SALMON units 

2-4-3-1, or increasing distance in the seaward direction, as shown in Fig. 2. The sea surface 

is represented on each plot by the brown color. The depth axis is relative to a nominal mean 

still water level. The letters A-E, shown only in the top plot, identify five sustained periods 

of increased bubble scattering that are classified as events. 

FIG. 6. Same as Fig. 5, but display of Sv starts 50 min after start of run 7, and duration 

is 25 min. Events C and D are now identified on the data displays of all four SALMON 

units. The two white triangles mark a scattering feature seen only on inner unit 2 and, 55 s 

later, on outer unit 1. 
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FIG. 7. Expanded view of depth-vs-time display of Sv showing 65 s of data from inner 

unit 2 (top plot) and outer unit 1 (middle plot). Note that the time scale for the middle plot 

is shifted by 55 s. The bold white lines in the top and middle plots represent the air/sea 

interface as determined from the pressure gauges located within each unit. The dashed line 

shown in the middle plot is simulated vertical displacement based on a finite-depth Stokes 

wave. The bottom plot shows depth-averaged sv (expressed in dB) vs time, which removes 

the effect of a time-varying air/sea interface. The 1-m scale represents length in the seaward 

dimension based on an advection speed of 0.25 cm/s. 

FIG. 8. Time series of void fraction measured by the sonar located on SALMON unit 2. 

The letters A-E correspond to the same events identified in Fig. 5. The dashed line cor- 

responds to a 0.25-m-thick layer centered 2 m below the time-varying sea surface, and the 

solid, gray line corresponds to a 0.25-m-thick layer centered 1 m below the time-varying sea 

surface. The dotted line plotted over the data in the vicinity of event B is an exponential 

decay model with a time scale of 4 min. 

FIG. 9. Time-averaged void fraction vs depth beneath the time-varying sea surface 

for the five events (plots labeled A-E, along with their advection speeds) and their overall 

average (plot labeled AVG along with the average advection speed). The event time-averages 

computed for each sensor separately are shown by the thick, colored lines. The overall 

average corresponds to an average over all four sensor units and all five events and is shown 

by the thick, black line in the lower right plot. A background time-averaged void fraction 

vs depth for each unit is also shown (thin, dashed colored lines), along with the average 

over all four units (thin, dashed black line in the lower right plot). Dotted horizontal line 

in the lower right plot corresponds to a depth of 10 cm and marks beginning of a region of 

ambiguity in surface resolution as determined by pulse length. The dotted lines plotted over 

the averaged data are simple exponential decay representations of the averaged data. 
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